The kinetoplast (k) DNA network of trypanosomatids is made up of approximately 50 maxicircles and the order of 10 4 minicircles. It has been proposed, based on various observations and experiments, that the minicircles are randomly segregated between daughter cells when the parent cell divides. In this paper, this random segregation hypothesis is theoretically tested in a population dynamics model to see if it can account for the observed phenomena. The hypothesis is shown to successfully explain, in Leishmania tarentolae, the observation that there are a few major and many minor minicircle classes, the £uctuations of minicircle class copy numbers over time, the loss of non-essential minicircle classes, the long survival times of a few of these classes and that these classes are likely to be the major classes within the population. Implications of the model are examined for trypanosomatids in general, leading to several predictions. The model predicts variation in network size within a population, variation in the average network size and large-scale changes in class copy number over long time-scales, an evolutionary pressure towards larger network sizes, the selective advantage of non-random over random segregation, very strong selection for the ampli¢ed class in Crithidia fasciculata if its minicircles undergo random segregation and that Trypanosoma brucei may use sexual reproduction to maintain its viability.
INTRODUCTION
Trypanosomatids are ubiquitous parasites of numerous species, including man and his livestock. An interesting feature of trypanosomatids is their unusual mitochondrion located at the base of the £agellum that contains a unique genome organization. The mitochondrial DNA, called kinetoplast or kDNA, is made up of approximately 20^50 maxicircles, circular DNA ca. 20^40 kb in length, and in the order of 10 4 minicircles ca. 1kb in length and again circular. The circles are catenated into a large disk-shaped network. The network size, iXeX the total number of mini-and maxicircles, and the lengths of the circles are species dependent (for reviews see Simpson et alX 1993; Stuart 1993; Simpson & Thiemann 1995; Kable et alX 1997; Simpson 1997) .
The homogeneous maxicircles contain various genes for the respiratory system and two rRNA subunits. It was found that some of these genes (so-called cryptogenes) did not contain enough genetic information to produce the proteins they were supposed to encode. It was found that their mRNA transcripts were edited via uridine insertion and deletion at various well-de¢ned sites along the mRNA (Benne et alX 1986; Stuart 1989; Simpson & Shaw 1989; Benne 1989) . The editing is mediated by so-called guide (g) RNAs that are encoded within both minicircles and maxicircles, and are approximately 50^70 nucleotides in length Decker & Sollner-Webb 1990; Sturm & Simpson 1990; Pollard et alX 1990) . Some genes are not edited, for example the 12S and 9S rRNA subunits, other genes show minor editing, normally at their 5 H -ends and other genes are panedited, meaning there is extensive editing along the whole length of the mRNA. The actual amount of editing per gene is species dependent though there are many similarities across species. Di¡erent species have di¡erent numbers of gRNA genes per minicircle, one to four have so far been observed. Therefore, because a species normally requires many di¡erent gRNAs for correct editing, it also has a correspondingly diverse set of minicircle sequence classes each with a certain copy number in an individual.
Trypanosomatids reproduce mainly via binary cell division in their host species. The replication of kDNA is synchronized in the cell cycle with nuclear DNA replication (Woodward & Gull 1990) . During kDNA replication the minicircles are released from the centre of the network, replicated and reattached at its periphery. Once replication is complete and the network has been remodelled, it splits in two (Shapiro & Englund 1995) . This raises the question, how are the minicircles segregated between the two daughter cells and what are the implications of segregation? A possible scenario is that the minicircles are randomly segregated between the daughter cells (Maslov & Simpson 1992; Thiemann et alX 1994) . This means that, on average, daughter cells will receive half of each minicircle class but due to chance there will be some variation of the number of copies actually received by each daughter cell.
There is considerable evidence that suggests this scenario is likely. Within a strain, the copy number of each minicircle class can be very di¡erent; from as few as 30 to as many as 3000 have been observed in the Leishmania tarentolae UC strain (Maslov & Simpson 1992) . Moreover, the copy numbers in a strain £uctuate dramatically over a period of only a few years (Simpson 1997) . There is some variation in network size within a strain (Chen et alX 1995) . Between strains, homologous minicircle classes may have very di¡erent copy numbers. For example, the copy numbers of gG4-III and gND3-IX minicircle classes in the LX tarentolae LEM125 strain are 22-fold and twofold less abundant than in the UC strain (Thiemann et alX 1994) . It is estimated that LX tarentolae has approximately 83 gRNAs, 13 and 70 encoded in the maxi-and minicircles, respectively. However, the UC strain, which was ¢rst isolated in a gecko in Algeria in 1939 (Parrot & Foley 1939 , appears to have only 17 minicircle encoded gRNAs (Maslov & Simpson 1992; Thiemann et alX 1994; Simpson 1997) . Whereas in the LEM125 strain, which was more recently isolated (Wallbanks et alX 1985) , 47 minicircle encoded gRNAs have been identi¢ed. Fifteen of the UC strain's gRNAs correctly edit the MURF4, RPS12 and the G4 genes. The other 13 maxiand two minicircle encoded gRNAs do not productively edit their cognate mRNAs (Maslov & Simpson 1992) . It was proposed that their gene products are not required for the promastigote (insect vector) form the cells exhibit in axenic culture. Therefore, the UC strain appears to have lost approximately 55 minicircle classes. Whether the classes in LEM125 have still to be identi¢ed or have been lost is still unknown. A more severe loss of minicircle classes appears to have occurred in Trypanosoma evansi and T. equiperdum, in vivo (Barrois et alX 1981; Borst et alX 1987) . They are evolutionarily derived from T. brucei, which is suspected of having over 200 minicircle classes, but are not transmitted by the tsetse £y and thus do not require the kDNA gene products. The majority of minicircles of some stocks are of a single class as judged by restriction digest and hybridization, whereas other stocks are dyskinetoplastic, iXeX contain no kDNA (Lun et alX 1992) .
Although apparently likely, the random segregation hypothesis has not been tested either experimentally or theoretically. In this paper, the random segregation hypothesis is analysed from a theoretical point of view. The hypothesis is ¢rst tested against the available data for LX tarentolae to see if it is a good model of minicircle segregation (½ 3). Implications of the hypothesis are then examined for several species and for trypanosomatids in general (½ 4).
THE MODEL
Let the strain in question have a kDNA network comprised C minicircle classes. An individual in the population has a copy number M i of each minicircle class i. Therefore, an individual has a total network size T (neglecting maxicircles) given by
As a cell goes through division, its kDNA is ¢rst replicated, iXeX M i 3 2M i . The two daughter cells receive m i and m
The random segregation hypothesis implies that the number of each class a daughter receives is binomially distributed with p 1a2. The probability of a daughter cell receiving m i minicircles of a class i from a parent is given by
This probability distribution has a mean of M i as required and a variance of M i a2. The formalized model described above is the core of the random segregation hypothesis to be tested. In this paper a computer simulation approach is taken in order to analyse it. The model requires additional simplifying assumptions. It has been observed that trypanosomatid cells with low copy numbers (approximately 30) of some minicircle classes are perfectly viable (Maslov & Simpson 1992) . If a daughter cell receives no copies of a particular minicircle class then it will not have the gRNA(s) encoded in that class for the correct editing of its (their) cognate mRNAs (assuming it has not inherited gRNAs from the parent). In the model there is a threshold copy number for minicircle classes below which a cell is inviable. For all the simulations in this paper the threshold is set to one, although numerous simulations have shown that other threshold values do not qualitatively e¡ect the results. As well as a lower threshold for each class, an upper threshold for the network size must also be assumed. This is because without such a threshold the average network size of the cells will grow without bound (see ½ 4a for more details). The assumption of an upper threshold can be justi¢ed for several reasons, eXgX constraints on the time to replicate the network, constraints on the volume occupied by the network, etc. For now, this upper threshold is set to 10 000 minicircles per network. If a cell has more minicircles than this it becomes inviable.
Each simulation is run for a certain number of generations. In each generation all cells produce two daughter cells and any inviable daughter cells are killed o¡ using the above criteria. To reduce computational time and to model limited resources a maximum population size N, is enforced. If the number of viable daughter cells is greater than N, then daughter cells are chosen at random to seed the next generation. If the number of viable daughter cells is less than N then all daughter cells seed the next generation. Overlapping generations in the model has also been tested with no change in its qualitative behaviour. This is often the case in population genetics models (Felsenstein 1971) . A maximum population size of 1000 was used for all simulations in this paper. This value is somewhat low but is required for reasonable simulation times. However, N has only quantitative e¡ects on the behaviour of the model and these e¡ects saturate for more biologically realistic values (see ½ 4b).
TESTING THE HYPOTHESIS: COMPARISON TO
LEISHMANIA TARENTOLAE
The LX tarentolae UC strain has 30 known and sequenced gRNAs. There are 13 maxi-and 17 minicircle encoded gRNAs. As each minicircle encodes only one gRNA in LX tarentolae there are, therefore, 17 minicircle classes. The simulations in figure 1a have 17 minicircle classes and maximum network sizes of 5000, 10 000 and 20 000 minicircles. It shows the average and standard deviation of the network size in the populations over 6000 generations. The simulations are representative of numerous other simulations with di¡erent random seeds, maximum network sizes, population sizes and initial conditions. It takes roughly 2000 generations for a population to stabilize from initial conditions. There are £uctuations of the average network size over long timescales and at any given time there is variation in the network size in the population. Figure 1b shows the average copy number of each minicircle class in the population from generation 4000 to 6000 taken from the population in figure 1a with a maximum network size of 10 000 minicircles. There are few`major' and many`minor' minicircle classes (the terms major' and`minor' were used only descriptively in Maslov & Simpson (1992) . For the purpose of this paper, we arbitrarily de¢ne a major minicircle class as a class with more minicircles than the mean value plus two standard deviations, 1452 in figure 1b). Over short time scales the copy numbers normally exhibit modest £uctuations, though at times they can change rapidly. Over longer time-scales the copy numbers show more dramatic £uc-tuations resulting in changes in the number of major classes and large increases and declines in some class copy numbers (eXgX the circles in figure 1b ). These behaviours are entirely due to the system's stochasticity and is indicative of a random process.
The UC strain, which has been in culture in various laboratories for 59 years, was found to be missing many of the gRNAs necessary for the correct editing of several maxicircle genes when compared with the more recently isolated LEM125 strain. Only two minicircle encoded gRNAs editing non-essential genes remain, these are gG4-III and gND3-IX. Moreover, the two minicircle classes encoding these gRNAs are the two major classes (Maslov & Simpson 1992 ). The question is, under the assumption of random segregation, is this scenario possible? Will non-essential minicircle classes be lost and if so how long does it take and is it possible for nonessential classes to have a high copy number ?
For the simulations, 15 out of the 70 minicircle classes are set to be required for cell viability, iXeX if their copy numbers reach zero the cell is inviable. If the copy number for the other 55 non-essential classes drops to zero the cell is still viable. Figure 2a shows the average time for each consecutive minicircle class to be lost from the population. Classes are initially lost fairly rapidly, and 967 (53 out of 55) are lost within 507 of the average time for total loss of all non-essential minicircles. Hence, the ¢nal two minicircle classes take, on average, twice as long to be lost than the other 53 classes. The time for a class to be lost is correlated with its initial minicircle copy number, though not particularly strongly due to the system's stochasticity (r 0X37 for the simulations in figure 2a ). This means that when a class becomes nonessential its time to be lost depends on its relative frequency compared with the other classes. Figure 2b shows an example simulation where the ¢nal two non-essential minicircle classes are major classes for the majority of the simulation. In all ten simulations used in figure 2a, at least one and sometimes two non-essential classes were the largest classes at some point in time. Overall, the last minicircle class to be lost was the largest class; 277 of the time, it was the last remaining nonessential class before it was lost.
It was proposed that the two remaining non-essential minicircle classes in the UC strain act as a bu¡er to keep the network size large enough for cell viability (Thiemann et alX 1994). This seems to imply some role for these classes. However, the random segregation hypothesis shows that no role is required. It can account for the minicircle class loss, the long survival times of a few nonessential minicircle classes and the fact that these classes are reasonably likely to have the highest copy numbers within a cell in LX tarentolae. It may also explain why stocks of T. evansi and T. equiperdum contain no or very few minicircle classes. In conclusion, the random segregation hypothesis appears to explain the observed data for LX tarentolae. Assuming random segregation does occur, based on the above analysis, what are its implications for LX tarentolae and trypanosomatids in general? 
IMPLICATIONS OF THE HYPOTHESIS
(a) The kDNA network's large size
The number of minicircles in a kDNA network is very large, on the order of 10 4 minicircles per network. However, it appears that only a few copies of a class are required for the correct editing of mRNA transcripts. The evidence comes from two facts: (i) that many minicircle classes have a low copy number, on the order of 10^100 (Maslov & Simpson 1992) ; (ii) that there is no correlation between minicircle copy number and gRNA relative abundance (Maslov & Simpson 1992; Arts et alX 1993; Yasuhira & Simpson 1995; Simpson 1997) . So, if only a few copies of a minicircle class are su¤cient for the cell to correctly edit mRNA transcripts, why are there so many of them ? Figure 3 shows a possible explanation based on cell viability. Cell viability is de¢ned as the probability that a daughter cell does not die from loss of a minicircle class or from having too large a network. The ¢gure shows that cell viability increases with larger network sizes. This is due to small classes being less liable to loss because they have a higher copy number, iXeX there are more minicircles to go around. This is evident from the fact that with only 17 classes, cell viability is far less a¡ected by network size than cells with 70 classes. If cell viability is correlated with an organism's ¢tness, iXeX if more o¡spring implies greater chance for infection of new hosts, then there is a selective advantage for cells in having large network sizes. The e¡ect of the selective advantage is shown in figure 1a . The initial network sizes are set far below their potential maximums. Over a few thousand generations, the average network sizes increase until they reach saturation caused by the maximum network size.
Obviously in trypanosomatids the network size cannot increase inde¢nitely; either some selection pressure or physiological restriction keeps the network size ¢nite. There are many ways of introducing a ¢nite network size into the model. Two methods have been tested using a ¢tness function to determine the probability of a daughter cell surviving. A ¢rst, natural, choice is
where T is the cell's network size and a threshold parameter. As T increases the probability of survival declines. Another, less biological, choice is a step function
It was found that the behaviour of the model was qualitatively una¡ected by the choice of ¢tness function. This is because the upper bound on network size plays a minimal role in the behaviour of the model as few daughter cells die from having a network which is too large (ca.107) compared with the loss of a class (ca. 907, data not shown).
(b) Population size
The population size of 1000 in the simulations is somewhat low due to computational constraints. However, a few simulations were carried out to study the e¡ect of increased population size. The primary e¡ect is shown in figure 4 where the probability of ¢nding a class in a cell with a given copy number is plotted. As one would expect from figure 2, the chance of ¢nding a low copy number class is higher than ¢nding a high copy number class. As the population size increases, the probability of ¢nding a low copy number class decreases and a high copy number class increases as shown by the four curves (not including the dot^dashed line in ¢gure 4). This occurs because of the reduced e¡ect of drift inherent in ¢nite populations. Consequently, cells in larger populations are less likely to die due to minicircle class loss and hence the cell viability increases as shown in the inset. At biologically realistic cell numbers, cell viability saturates. Hence, small changes in population size at high values will have little e¡ect on viability.
(c) Redundant gRNAs
Redundancy occurs in gRNAs when two or more gRNAs identically edit part of their cognate mRNA. Many redundant gRNAs have been found in T. brucei, one has been proposed in the LEM125 strain of LX tarentolae (Thiemann et alX 1994), and none so far in Crithidia fasciculata.
The result that non-essential (iXeX redundant) minicircle classes are lost from a species implies that redundant gRNAs should not persist if there is one gRNA per minicircle. TX brucei has three gRNAs per minicircle. A redundant gRNA may exist on the same minicircle as a non-redundant gRNA and hence would not be lost due to its linkage with that gRNA. The LX tarentolae redundant gRNA (gND3-III) has two forms. One is far more abundant than the other and there are nine base transition di¡erences between them. Several hypotheses could explain the redundancy: perhaps the least abundant is on the verge of being lost, having survived a very long time since the appearance of LX tarentolae; perhaps it is a Random segregation of minicircles N. J. Savill and P. G. Higgs 615 Proc. R. Soc. Lond. B (1999) Figure 3 . Cell viability, the probability a daughter cell survives, increases with average network size. C 17, solid line, C 70, dotted line. The average network size is varied by changing the maximum network size, ; values used are 5000, 8000, 13 000, 18 000 and 23 000. Cell viability is an average over 2000 generations and ¢ve simulations for stabilized populations. mutant; or perhaps it is an experimental error. Whatever the explanation, it remains an intriguing dilemma for the random segregation hypothesis.
(d) Partial random segregation
Random segregation is at one end on a scale of partial random segregation; the other end being deterministic segregation. It is worth studying if random segregation is the best evolutionary strategy a trypanosomatid species will select. By calculating cell viability across the scale of partial random segregation one can ¢nd the best evolutionary strategy. The distribution of minicircles between daughter cells has both a mean, ", and a variance, ' 2 . For random segregation this is a binomial distribution with mean M i and variance M i a2 for each class i, as given in ½ 2. Using these statistics, two natural methods of deviating from random segregation can be applied.
First, the mean number of minicircles a daughter cell receives may not be equal to half the replicated minicircles from the parent. This is easily modelled by modifying p, the probability a minicircle is segregated into a particular daughter cell. This is because
The model is adjusted as follows. The minicircles of the parent's classes are segregated into one cell with p 0X5 , where is the deviation from random segregation. Figure 5a shows the e¡ect on cell viability for various values of and for 17 and 70 classes. The ¢ttest daughter cells arise when 0, iXeX when p 1a2. The best evolutionary strategy a parent cell can select is to segregate its minicircles so that, on average, each daughter cell receives half of a parents replicated minicircles.
Second, the amount of variability in the number of each minicircle class the daughter cells receive can be reduced, iXeX reducing ' 2 . There are several methods for doing this, though the easiest to implement in this model is to assume that a fraction of the minicircles of a class are segregated deterministically and equally between the two daughter cells and the rest of the minicircles are segregated randomly. That is, the number of minicircles of a particular class a daughter cell receives is given by
where N i is a random deviate taken from a binomial distribution with p 1a2 and n 21 À M i and is the deviation from random segregation. When 1 all minicircles are segregated equally between the daughter cells, iXeX each receives exactly M i minicircles. The actual implementation is unimportant, its only purpose is to reduce ' 2 , which is given by
for this implementation. Figure 5b shows the e¡ect on cell viability for varying . Figure 4 . The probability of ¢nding a class in a cell with a certain copy number (C 70, N 100 solid line, 1000 dotted line, 10 000 dashed line, 100 000 long-dashed line, N 1000 with genetic exchange dot^dashed line).
There are proportionately more low copy number classes due to drift as the population size decreases. This causes a reduction in cell viability due to increased risk of class loss (inset). The homogenizing e¡ect of genetic exchange reduces the proportion of low copy number classes. The probability distributions are calculated from stabilized populations at a single generation. Cell viability is calculated as in figure 3 .
exist similar to that of the`better than random' segregation of plasmids (Nordstro« m & Austin 1989) .
(e) An ampli¢ed class in Crithidia fasciculata
It has been shown that the kDNA of a lab strain of C. fasciculata is almost`homogeneous' with one minicircle class accounting for an estimated 907 of the network (Birkenmeyer et alX 1985; Yasuhira & Simpson 1995) . Twelve more gRNAs have been identi¢ed (Van der Spek et alX 1991; Arts et alX 1993; Yasuhira & Simpson 1995) . However, it appears that C. fasciculata shows similar RNA editing to LX tarentolae and must, therefore, have roughly the same number of gRNAs as LX tarentolae (Maslov et alX 1994) . Assuming, for the sake of argument, that C. fasciculata has 70 minicircle classes (one gRNA per minicircle), can the random segregation hypothesis account for the high abundance of a single minicircle class? The answer is no. The largest minicircle class accounts for around only 107 of the total network size for cells with 70 classes (independent of population and maximum network size). If we assume that cells have only the 13 classes so far identi¢ed then the proportion of the largest class only increases to around 257. Including partial random segregation does not induce ampli¢cation of the largest class.
Hence, the random segregation hypothesis alone can not explain this phenomenon and it appears that the largest minicircle class in C. fasciculata has been ampli¢ed via some selection process. It is di¤cult to say what the selection pressure is without further experimental work. Is it simple selection for high copy number of the ampli¢ed class or is it some other selective process causing, as a side e¡ect, the class ampli¢cation? The selection for a class appears to occur in the mechanism termed transkinetoplastidy in L. mexicana mexicana (Lee et alX 1992 (Lee et alX , 1994 . Whether this is occurring in C. fasciculata is unknown.
Although we do not know what the ampli¢cation mechanism is, we can examine the consequences of having an ampli¢ed class by arti¢cial selection. This is done as follows. One class is singled out for ampli¢cation, in the model this is an arbitrary decision, in C. fasciculata this might not be the case. If the frequency of the class in a cell (given by M i aT ) drops below a certain threshold then the cell becomes inviable. Figure 6 plots cell viability for the standard model without ampli¢cation and for various threshold levels from 30 to 907 frequency. As the frequency of the ampli¢ed class increases, cell viability drops dramatically indicating a strong selective disadvantage in having a large frequency of the ampli¢ed class. This is because many classes have very low copy numbers and are liable to be lost. Therefore, for C. fasciculata to have this ampli¢ed class it must be very strongly selected for in order to counteract the disadvantage of low cell viability. What the selection pressure is remains to be determined. . Without selection for an ampli¢ed class the largest class has roughly 10% frequency. With selection for an ampli¢ed class greater than 30%, 50%, 70%, 90% frequency (iXeX cells with an ampli¢ed class below these frequencies are inviable) cell viability drops quickly. Cell viability is calculated as in figure 3.
(f) Sexual reproduction in Trypanosoma brucei
Experiments suggest that T. brucei has over 200 minicircle classes (Steinart & van Assel 1980) . We have simulated random segregation in T. brucei for 200 classes and 10 000 minicircles. Independent of population size, T. brucei always dies out due to loss of minicircle classes. Partial random segregation can stabilize the population but only close to the deterministic limit. However, T. brucei also undergoes genetic exchange in the tsetse £y (Jenni et alX 1986; Sternberg et alX 1988 Sternberg et alX , 1989 Gibson 1989; Gibson & Garside 1990) . The most current model proposes that two parent cells fuse then probably undergo meiosis followed by mitosis (Gibson 1995) . The kDNA networks of the two parents fuse causing a mixing of the parental mini-and maxicircles (Gibson et alX 1997) . The daughter cells receive mini-and maxicircles from both parents. However, due to the small copy number of maxicircles, after roughly 140 generations, cells contain maxicircles from only one parent, having lost the maxicircles of the other parent via drift (Turner et alX 1995) . The large copy number of minicircles ensures that both parental types are kept for far longer time, roughly nine years.
Genetic exchange has been incorporated into the model in the following way. Periodically (every 50 generations) pairs of parents are randomly chosen, their minicircles are combined and then randomly segregated between two daughter cells. Inviable cells are removed. The e¡ect of genetic exchange is to`homogenize' the population. This causes the proportion of high copy number minicircle classes to increase at the expense of low copy number classes (figure 4, dot^dashed line). This reduces the probability of class loss and, hence, stabilizes the population. This begs the question, does T. brucei need genetic exchange for its persistence ? Other species may have dispensed with it because they have far fewer classes.
(g) Population bottlenecks
Bottlenecks occur in trypanosomatids when they are transferred between host species or due to the e¡ect of antigenic variation. Bottlenecks can cause a reduction in a population's diversity and enhance genetic drift. The e¡ect of bottlenecks has been studied in the model as follows. Bottlenecks occur periodically after a certain number of generations of unrestrained population growth. A given number of randomly chosen individuals pass through a bottleneck into the next generation.
The main e¡ect of bottlenecks is to cause a population to die out because of drift of the minicircle class copy number to zero. Figure 7 shows the average time taken for a population to die out for a given number of individuals passing through a bottleneck (solid line). Above approximately 20 individuals the population remains viable for the duration of the simulation (20 000 generations). The number of generations between bottlenecks has no in£uence on the time for extinction (results not shown). In T. brucei, genetic exchange occurs at population bottlenecks from the vertebrate to tsetse £y host. This has also been simulated so that just after a bottleneck the reduced population undergoes genetic exchange. The resulting homogenizing e¡ect causes far fewer deaths due to minicircle class loss. Hence fewer cells passing through the bottleneck are required to sustain the population (figure 7, dotted line).
There is a parallel here with the phenomenon of Muller's ratchet, in which unfavourable mutations can accumulate stochastically in small populations (Higgs & Woodcock 1995 and references therein) . Bottlenecks cause a speeding up of the ratchet (eXgX experiments with RNA viruses, Chao 1997) and recombination slows it down.
DISCUSSION AND CONCLUSION
It was hypothesized that minicircles in trypanosomatids are randomly segregated between the two daughter cells when a parent cell divides (Maslov & Simpson 1992; Thiemann et alX 1994) . The hypothesis is based on numerous interesting data and phenomena observed in several trypanosomatid species and strains. This paper develops a very simple population dynamic model in order to test the random segregation hypothesis. Numerous simulations of the model suggest that the hypothesis does indeed ¢t the observed data on LX tarentolae quite well. The hypothesis explains:
(i) the observation that there are a few major and many minor minicircle classes; (ii) modest £uctuations of minicircle class copy numbers over short time-scales; (iii) the loss of non-essential classes, the long survival times of a few of these classes and that these classes are likely to be the major classes within the population.
Assuming that random segregation does occur, the model was then used to study its implications for trypanosomatids. It predicts that:
(i) within a population there is variation in network size, over long time-scales the population's average Figure 7 . The average time for a population to die out increases as the number of individuals passing through a bottleneck increases with (dotted line) and without (solid line) genetic exchange. Further increases in bottleneck size do not cause population extinction over the length of the simulation (20 000 generations). Each data point is an average over ten simulations with C 70 and ten generations between bottlenecks. The initial conditions are taken from a stabilized population that had not previously undergone any bottlenecks.
network size varies and large-scale changes in copy numbers are observed; (ii) cell viability increases as the average network size increases, implying a selective pressure for larger network sizes. This e¡ect is more pronounced for species with more classes because many classes have a very low copy number and, therefore, are more likely to be lost; (iii) redundant gRNAs should not persist in species that have one gRNA per minicircle; (iv) there is a selective advantage of non-random over random segregation due to higher cell viability. Whether cells have partial random segregation and how they might accomplish this are open questions (Ferguson et alX 1994; Shapiro & Englund 1995) ; (v) if random segregation occurs in C. fasciculata, then a high-frequency class confers a large selective disadvantage due to low cell viability. Hence, in order for C. fasciculata to have a high-frequency class there must be very strong selection in favour of it. What that selection is has not yet been determined. Interestingly, the role of the gRNA in the ampli¢ed class in C. fasciculata is not yet known; (vi) T. brucei may use sexual reproduction to maintain its viability; (vii) if the population experiences bottlenecks a minimum number of individuals must pass through the bottleneck for the population to remain viable, genetic exchange reduces this minimum number.
Only qualitative predictions have been made with the model so far. The predictions are robust to both parameter and structural changes in the model. The model could be used for quantitative analysis of speci¢c species though probably with modi¢cation, for example overlapping generations or varying population size. The quantitative results in the ¢gures are not meant to accurately represent real trypanosomatids. Moreover, observables such as cell viability may be di¤cult to measure in practice and hence, more practicable observables would be required, eXgX doubling time. However, from a theoretical point of view such observables are very useful in generating questions that may not come to light from a purely experimental perspective.
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